The maintenance of multiple ornaments by animals can be explained when those multiple ornaments are sexually selected. However, there have been only a few studies of sexual selection on multiple ornaments. We investigated sexual selection on two ornaments, plumage coloration and white spots in the tail, in a population of Barn Swallows Hirundo rustica gutturalis in Japan. There was sexual dimorphism in throat coloration and in the size of the white spots in the tail. Males with a less saturated (colourful) throat and larger white spots in the tail bred earlier than others, indicating a mating advantage for these males. These trends are what would be expected if these ornaments were indeed sexually selected.
Sexual selection leads to ornamentation of traits that confer an advantage in mate acquisition (Andersson 1994) . There have been now many studies of sexual selection on single male ornaments (reviewed in Andersson 1994; Hill & McGraw 2006) . However, males of many species have more than one ornament (Møller & Pomiankowski 1993) . Why do these species have multiple ornaments?
One explanation for multiple ornaments is that some ornaments, for which sexual selection has been lost, are nonetheless maintained because they are not costly (Møller & Pomiankowski 1993) . This explanation, however, cannot be applied to costly ornaments because such ornaments are easily lost through natural selection when the ornaments are no longer sexually selected (Schluter & Price 1993) . Multiple costly ornaments can be explained when the multiple ornaments are sexually selected (Møller & Pomiankowski 1993) . However, there have been only a few studies of sexual selection on multiple ornaments (e.g. the Scarlet-tufted Malachite Sunbird Nectarinia johnstoni: Evans & Hatchwell 1992a, b ; the Yellowbrowed Leaf Warbler Phylloscopus inornatus: Marchetti 1998; the Red-collared Widowbird Euplectes ardens: Andersson et al. 2002 ; the Lark Bunting Calamospiza melanocorys: Chaine & Lyon 2008) .
The Barn Swallow Hirundo rustica is a classic model species for sexual selection, because experimental manipulation has proven the male's long tail to be sexually selected (e.g. Møller 1988; reviewed in Møller 1994) . However, it has recently been shown that long tails are also naturally selected because they provide better aerodynamic efficiency and flight manoeuvrability (e.g. Norberg 1994; Buchanan & Evans 2000; Cuervo & Ayala 2005) , suggesting that sexual selection on this ornament may be less important than previously thought. Only a small proportion of the total length of the tail is sexually selected (Evans 1998; Buchanan & Evans 2000; Rowe et al. 2001; Bro-Jørgensen et al. 2007 ). Nevertheless, the Barn Swallow is a useful species for studying sexual selection because it has at least two other sexually selected ornaments: plumage coloration, including its red throat patch (Ninni 2003; Safran & McGraw 2004; Safran et al. 2005) , and white spots in the tail ). These two ornaments are shown to be costly in some populations (throat coloration: probably physiological costs : Ninni 2003; Norris et al. 2009; Safran et al. 2010; 141 , and thus seem difficult to maintain without sexual selection. However, since previous studies have focused on only one trait (i.e. the former on throat coloration and the latter on white spots in the tail), it is not known whether or not these two ornaments are sexually selected in a single population. We studied sexual selection on two ornaments, plumage coloration and white spots in the tail, in male Barn Swallows H. r. gutturalis in Japan. For this purpose, we studied the sexual dimorphism of these ornaments and the relationship between the male ornaments and the laying date of their mates, a recognized index of mating advantage (cf. Andersson 1994; Møller 1994) . Throat patch area and coloration are represented as plumage coloration in this study because this subspecies has a large throat patch and whitish ventral plumage (Cramps 1988; Turner 2006) . Tail length, which is reported to be sexually selected in European populations of the Barn Swallows (Møller 1994) , was also included in the analysis.
METHODS

1) Study site
This study was conducted from March to August in 2005 and 2006 in a residential area of Joetsu City, Niigata Prefecture, Japan (37°07ЈN, 138°15ЈE; 10 m above sea level.). There, Barn Swallows nest under the eaves of a covered sidewalk along the street and breed in a loose colony (see Tajima & Nakamura 2003) . The study site was divided into two areas. One was used to record arrival and laying date and to take measurements of the birds (males: N 2005, 2006 ϭ110, 97; females: N 2005, 2006 ϭ120, 89). The other was used only to take measurements (males: N 2005, 2006 ϭ71, 16; females: N 2005, 2006 ϭ69, 13) because we conducted a preliminary study for another purpose in this area. We included the latter area in order to provide a large sample size for sexual dimorphism, which enabled us to obtain relatively stable estimates, although qualitatively similar results were obtained when we excluded the latter area.
2) Measurements
Adult swallows were captured in sweep nets while roosting at night, mainly soon after clutch completion. Birds were provided with a standard, numbered aluminium ring and an individually recognisable combination of two or three half-sized coloured rings made from plastic rings (AC Hughes, Middlesex). The sex of an individual was determined by the presence (female) or absence (male) of an incubation patch. In 2006, adults were categorized into two classes on the basis of ringing records: (i) birds known to be Ն2 years old (i.e. birds that were known to have bred in previous seasons) and (ii) birds of unknown age. Nest ownership was subsequently determined with binoculars. At capture, we measured tarsus length, body weight, tail length, the sizes of the white spots in the tail, and the throat patch area, and collected several throat feathers. Tail length was defined as the length of the right outermost tail feather to the nearest 0.01 mm. When analyzing laying date, we omitted from our samples all birds with broken or missing outermost tails (N 2005, 2006 ϭ9, 12). The size of the white spots in the tail was defined as the sum of the lengths of the white spots of the two outermost right tail feathers. This method differs from those of previous studies and was chosen to minimize the handling time of the birds.
Throat patch area was defined as the area of the swallow's red throat patch; this was measured by placing a transparent plastic sheet over the throat region, ensuring that the feathers were lying flat in their natural position, and tracing the edges of the patch on to the sheet with a marker pen (cf. Lendvai et al. 2004) . We scanned the sheet and measured the area of the patch (mm 2 ) using Scion Image software (Scion Corporation, Frederick, MD). Each bird's throat patch was traced twice, and the mean of the two measurements was used. Lessells & Boag 1987) .
Once in the laboratory, we placed five throat feathers, which had been collected at capture, on a piece of white paper so that the edges of the feathers were on contact. The feather samples were scanned at 800 dpi resolution using a scanner (GT 9300 UF; Epson, Tokyo, Japan), and the images obtained were imported into Photoshop Elements 3.0 (Adobe Systems, San Jose, CA). We measured the mean red-greenblue (RGB) values for a 30ϫ30 pixel square near the distal end of the feather sample. The mean RGB values were converted into hue-saturation-brightness (HSB) values, using the algorithm described by Foley and van Dam (1984) . The repeatability of these variables was highly significant when birds with two feather samples were used (0.65Յrepeatability Յ0.91, NϾ30, FϾ4.69, PϽ0.001; see Hasegawa et al. 2008) . Details of the methodology are described elsewhere (Hasegawa et al. 2008) .
Since the hue and brightness of throat coloration fades linearly with time, we corrected throat coloration using the field correction methods described by Hasegawa et al. (2008) : corrected (H, S, B)ϭmeasured (H, S, B)Ϫ(0.023, 0, 0.097)ϫdays elapsed from the date of capture of the first bird to the date of capture of each bird. Each colour variable positively correlated with the others even after correction for seasonal colour fading (sex and year separately: H-S: 0.33ϽrϽ0.81, PϽ0.0001; S-B: 0.44ϽrϽ 0.80, PϽ0.0001; B-H: 0.81ϽrϽ0.94, PϽ0.0001). Thus, saturation value was considered to be representative of plumage coloration, because this variable does not need to be corrected for plumage colour fading (Hasegawa et al. 2008 ). Positive correlations between colour variables, imply that throat plumage with a lower saturation value is generally redder (i.e. lower hue value) and darker (i.e. lower brightness value). Although Ninni (2003) and Safran and McGraw (2004) reported different relationships among colour variables (in particular, saturation was negatively correlated with other variables), it is not clear whether these differences result from populationbased or method-based differences, or other reasons.
3) Observation
We recorded the time of arrival of each marked bird every day and inspected nests every other day to record the laying date, which was defined as the date of laying of the first egg of the first clutch. Since we failed to capture some nesting birds during their first clutch, we were unable to distinguish between renesting or the second clutch of such birds, from the first clutch of late breeding birds. Since the inclusion of these birds tended to obscure the patterns of ornaments and laying date (cf. Hill et al. 1999) , our test of male ornaments and laying date was conservative. We captured ca. 70% of the nesting birds from both areas at the end of both seasons.
4) Statistical procedures
We compared the sex differences in morphology using Welch's t-test (cf. Møller 1994) . To investigate the correlation among male traits, Pearson's productmoment correlation was used. We used a linear mixed-effect model (LME, 'lmer' in R package 'lme4') to examine the relationships between male ornaments and laying date. This LME framework was applied to account for the repeated usage of individuals in both the study years, by including the identity of the individuals as a random effect. The significances of the terms in the LME frameworks were based on the difference in deviance and degrees of freedom of the models with and without the predictor in question (c 2 -test). We statistically controlled for the effects of body condition of males and study year as additional predictors in the LME. In accordance with a previous study (Kojima et al. 2009 ), body condition was defined as a residual from a regression of body mass against tarsus length (General linear model: Nϭ288; tarsus: coefficientϭ0.51, tϭ3.77, PϽ0.001; years: coefficientϭϪ0.51, tϭϪ4.24, PϽ0.0001; intercept: coefficientϭ12.14, tϭ8.33, PϽ0.0001).
To control for the effects of any age difference among males, in their ornaments and laying dates (Møller & de Lope 1999) , which might confound the relationship, analyses were also conducted using a general linear model using only males known to be Ն2 years old in 2006. We did not adopt an alternative method using two male categories (i.e. males known to be Ն2 year old versus males of unknown age) as a fixed factor in a general linear model using all males captured in 2006. This was because the category 'age-unknown' males also included some un-ringed males that were Ն2 years old, which might confound the relationship between male ornaments and laying date. The significance of the terms in the general linear model frameworks was based on the difference in deviance and degrees of freedom of the models with and without the predictor in question (F-test). For general linear model analysis using males known to be Ն2 years old, we added body condition and arrival date as additional predictors. Since pairs that reunite in subsequent years breed earlier than others (Saino et al. 2002) , we excluded four males that had reunited with their mates of the previous year. However, inclusion of these males did not affect the results.
We first fitted a full model containing all explanatory variables. In the case of the LME analysis, we also included the interactions between male morphologies and study year in a full model because the relationship between each ornament and laying date might differ between study years. A final model was selected by progressively eliminating non-significant interaction terms (PϾ0.1) and then non-significant main terms. Collinearity between variables can cause problems in multiple regressions, but this is generally Mating advantage of multiple male ornaments not considered problematic when |r |Ͻ0.70, as in the present study (cf. Møller 2004) . In the tables, the statistics and P values of significant terms (PϽ0.05) are from the final model (all significant terms included), whereas statistics and P-values of non-significant terms are from the final model and each nonsignificant term added separately (cf. Owens et al. 1995) . When there were influential points or outliers that substantially affected the results, we present the results both including and excluding the data points (Grafen & Hails 2002 
RESULTS
1) Sex differences and inter-correlation between ornaments
In both study years, males had less saturated throat coloration than females (Table 1) . Similar results were obtained among birds known to be Ն2 years old (Table 1) . Males tended to have larger throat patches (significantly larger in 2005, but not in 2006 or in birds known to be Ն2 years old; see Table 1 ).
Males had longer tails and larger white spots in the tail than females (Table 1) . This was also the case after excluding birds of unknown age (Table 1) .
Male tail length correlated positively with the size of the white spots in the tail (2005: rϭ0.22, Nϭ164, PϽ0.01; 2006: rϭ0.31 Values represented as meanϮSE; sample size in parentheses.
Differences between the sexes were tested with the t-test; * PϽ0.05, ** PϽ0.01. 1 Ն2 years old included only birds known to be Ն2 years old from the ringing records.
2) Laying date
The median laying date of the first egg of the first clutch was 8 May (rangeϭ17 April-17 June) in 2005, and 9 May (rangeϭ21 April-13 June) in 2006. Males known to be Ն2 years old started breeding significantly earlier than males of unknown age (males known to be Ն2 years old: median dateϭ2 May, rangeϭ21 April-13 May, Nϭ27; age-unknown males: median dateϭ16 May, rangeϭ25 April-13 June, Nϭ33; tϭ5.59, PϽ0.0001). The laying dates of males known to be Ն2 years old were less variable than males of unknown age (Levene's test; Fϭ10.28, Pϭ0.002).
The laying date was predicted by three male ornaments: the saturation value of throat plumage, tail length, and the size of the white spots in the tail (Table 2) . Males with lower saturation values, longer tails, and larger white spots in the tail bred earlier than other males. These three ornaments also predicted the laying date in males known to be Ն2 years old (Table 3 left; Fig. 1 ). It should be noted that the sign of the coefficient of tail length was reversed in males known to be Ն2 years old as compared with in the LME analysis using all males. The positive relationship between tail length and the laying date was caused by an outlier (i.e. one male with a particularly long tail, whose tail was more than 2.44 SD longer than the average tail length), because the significant positive relationship between tail length and laying date disappeared when we repeated the analysis after omitting the longest-tailed male (Table 3 right).
DISCUSSION
Our results suggest that throat coloration and white spots in the tail are sexually selected in our study population of the Barn Swallow. First, there was sexual dimorphism in throat coloration and the size of the white spots in the tail (Table 1) . Second, males with a less saturated throat and larger white spots in the tail bred earlier than others, even after controlling for the effects of male age and body condition (Table  2 & Fig. 1) , indicating that such males experience a mating advantage. These males should experience high reproductive success because the number of fledglings and the probability of recruitment of young increases among Barn Swallows that breed earlier in the breeding season (e.g. Grüebler & Naef-Daenzer 2010; reviewed in Møller 1994; Turner 2006) . These trends are what would be expected if these ornaments were indeed sexually selected.
These two ornaments, white spots in the tail and plumage coloration, have already been shown to be related to laying date in some populations and it is suggested that they are sexually selected in each population (white spots in the tail: plumage coloration: Safran & McGraw 2004) . However, to explain the maintenance of these two ornaments, which have been shown to be costly at least in some populations (throat coloration: Estimates of each coefficient and P values for c 2 -test are shown. The year and its interaction with the main variables are not shown because all the relationships were non-significant (PϾ0.1). † indicates the variables retained in the final models by stepdown model selection procedures. , the two ornaments need to be sexually selected in a single population. Otherwise, the maintenance of the two ornaments is not possible or requires another mechanism to explain them (e.g. sufficient gene flow across populations with different sexual selection; reviewed in Bro-Jørgensen 2010). This is the first study to show a relationship between laying date and the two ornaments in a single population of Barn Swallows, suggesting sexual selection on the two male ornaments. As has been shown in other species (e.g. Evans & Hatchwell 1992a, b; Marchetti 1998; Andersson et al. 2002; Caine & Lyon 2008) , multiple ornaments in the Barn Swallow can also be explained by sexual selection on the ornaments. In the current study, male body condition was not found to be related to his mate's laying date, suggesting that body condition is less important than throat coloration and white spots in the tail at least in determining the timing of breeding of males. Our results are, at first glance, inconsistent with a previous study (Kojima et al. 2009 ), which suggests that sexual selection favors males that are in good body condition. However, our study differed from theirs in many points (e.g. they used paternity as a response variables, measured body condition soon after arriving, and studied a different population). Thus, we could not refer the causation of the difference between their study and ours.
Of the two remaining candidate targets of sexual selection, tail length was not found to be negatively related to laying date after controlling for the effects of male age (Table 3 & Fig. 1 ). This is consistent with previous studies that found no sexual selection for long tails in some other populations of Barn Swallows (Safran & McGraw 2004; Neuman et al. 2007 ; but see Kleven et al. 2006) , including a Japanese population (Kojima et al. 2009 ). Tail length is perhaps, therefore, less important in sexual selection in our population, at least for determining laying date than throat coloration and white spots in the tail. In addi- Fig. 1 . Relationships between male ornaments (x-axis) and the date of breeding onset (y-axis), controlling for other ornaments in male Barn Swallows known to be Ն2 years old and excluding mate re-united birds: (a) throat coloration (saturation), (b) throat patch area, (c) tail length, and (d) the size of the white spots in the tail. Both axes show the residuals controlling for the terms retained in the final model using males known to be Ն2 years old (Table 3 left tion, the other candidate, throat patch area, showed only small sexual dimorphism (Table 1) and no relationship with laying date (Table 2), suggesting that this trait is less important for breeding early.
Here, we have shown that two male ornaments, throat coloration and white spots in the tail, confer mating advantage in terms of early breeding in a population of Barn Swallows in Japan. Since the two ornaments are related to laying date, sexual selection can explain the maintenance of these two ornaments. However, the current study did not elucidate the mechanism of selection. Since both female mate choice and male-male competition can predict the early breeding of well-ornamented males (Wiley & Poston 1996) , further studies (e.g. manipulation experiments) are necessary to show how inter-and intra-sexual selection can maintain multiple ornaments simultaneously.
